The paper presents test results concerning ceramic bricks produced in 1880's. Bricks were obtained from a building erected as part of Archduke Rudolf barracks in Krakow. The tests helped to specify changes in brick compressive strength and hardness, caused by water saturation in the ceramic material. For comparison purposes, tests were also carried out on contemporary bricks. Tests showed that mechanical properties of the ceramic bricks in the water saturation state were worse than in the dry state. The impact of strong brick moisture on changes of mechanical parameters is essential in terms of safety assessment for brick structures. 
INTRODUCTION
Ceramic bricks were, and still are, one of the basic materials used to erect building structures. More often than not, brick walls are subject to strong moisture during use, and in exceptional circumstances, complete water saturation can be reached in masonry materials. So far, few experimental studies were carried out, concerning the impact of strong moisture of bricks, mortar and wall on their mechanical properties (1) (2) (3) (4) . These studies focused mainly on the search for dependencies between the degree of masonry material moisture and their durability. In (3), for fired ceramic bricks, coming from different historical periods, a decrease in compressive strength in the water saturation state was demonstrated, ranging from a few to over 20% compared to strength in air-dry state. Significantly lower compressive strength of bricks in the water saturation state has also been obtained in studies presented in (1, 2, 4) .
Depending on the raw material used, the method of forming and firing, ceramic bricks can have highly varied properties (5) (6) (7) (8) (9) (10) . Ceramic bricks belong to a group of capillary-porous materials, which are characterized by open porosity from a few to several dozen percent (11, 12) . The capillary-porous structure and phase composition of the ceramic body accelerate the formation of brick moisture as a result of capillary rise of water. In the brick material, along with water, dissolved salts are transported towards the external surfaces. Thus, after a long period with strong moisture, both water as well as the effect of crystallization of dissolved salts, such as sulphates or chlorides can impact physical-mechanical brick properties. An analysis of salt impact on ceramic properties is discussed in (13) (14) (15) (16) .
The purpose of the research presented in this paper was to determine the influence of ceramic brick saturation with clean, non-saline water on their mechanical properties. In literature, such tests are scarce. The most frequently tested aspect is the impact of moisture on brick compressive strength, without analyzing their phase or chemical composition.
The scope of our tests encompassed the following mechanical properties: compressive strength and surface hardness caused by the bloating of ceramics in time. In the tests, bricks from a building erected in the 1880's were used, as well as contemporary bricks. Both types of bricks were manufactured in Krakow within a time span of 120 years. The selected materials had a different phase composition, and internal structure, including pore structure. The historical bricks were taken from external walls of the building located on the ground floor level.
In the material tests, exposure conditions were assumed as both the short-term and long-term water saturation of ceramic bricks. The assumed processes for short-and long-term water saturation were supposed to simulate situations occurring periodically during floods and in structures exposed to permanent moisture.
CHARACTERISTICS OF THE TESTED BRICKS IN A DRY STATE

Macroscopic and microscopic observations
Two types of ceramic bricks were selected for tests, i.e. bricks produced in the 19th century (historical brick HB) and, as a comparative material, contemporary bricks (modern brick MB). Photos of exemplary HB and MB bricks along with their typical macrostructural images are shown in Figure 1 .
The characteristic feature of historical bricks was their heterogeneity. In the HB bricks, there were areas with a good degree of homogenisation of fired components, as well as areas where one could see clear layers of non-homogenised raw materials. Moreover, in the HB bricks there were pores at a diameter of up to several mm and inclusions of non-comminuted components (mainly sand, grit and crushed brick debris), whose diameter ranged from 2 to 10 mm.
MB material is characterised by far better raw material homogenization, and therefore a greater material uniformity in the entire brick volume. Generally, the inclusion grain diameter did not exceed 1 mm.
Observations of the microstructure were carried out in a Zeiss EVO 10 scanning microscope, on the basis of a variable pressure secondary electron detection (VPSE) and back-scattered detection (BSD) in variable vacuum. Test samples were prepared in the form of fractures and polished sections. The observed surfaces were previously cleaned of silty particles without coated prior to test. SEM images of the tested materials are shown in Figures 2 and 3 .
Microstructure observations showed that the morphology of aluminosilicates, the main component of each of the tested materials, was diverse. In MB material, minerals were more fine-crystalline compared to the minerals present in HB. It could be assumed that this was related to the initial The influence of water saturation on mechanical properties of ceramic bricks • 3 composition of raw materials and different production process (forming, and firing temperature and time). Bricks produced today often contain fly ash as a raw tempering material, instead of silica sand or comminuted brick rubble in their composition (17, 18) . This addition is very fine-grained (often in the form of dust). Its presence causes the sealing of texture in contemporary ceramic bricks, and reduces the occurrence of larger inclusion grains coming from sand or rubble brick additions. The presence of fly ash was demonstrated by spherical forms identified in a SEM study of modern bricks (MB). The microscopic image of HB bricks, obtained with a 150× magnification, based on phase contrast, indicated the presence of quartz sand as filler (tempering material). Heterogeneity and discontinuity of ceramic material were present in the form of cracks.
Phase composition
Tests of phase composition were carried out respectively with diffractometric XRD in equipment Philips PW 1140. The analysis was conducted using support program X'Pert Highscore with data base PDF2. The results obtained are shown in Table 1 .
The phase composition of both types of tested ceramic bricks was varied. On the basis of XRD analysis results it was found that the basic mineral present in HB material was quartz. This was the result of the application of sand or comminuted brick debris as a tempering material. Other crystalline components are microcline and anorthoclase. Missing mullite demonstrated that the firing temperature was below 1000 °C. With MB material, the dominant crystalline phase was albite, and later quartz and mullite. Lower quartz content compared to HB material is the result of different, tempering mineral additives in place of silica sand that are currently used. The presence of mullite in MB bricks may indicate a firing temperature above 1000 °C, as well as the presence of fly ash, one of whose crystalline ingredients is mullite (18) . In tests of the phase composition of both materials, the presence of unburnt clay minerals was not confirmed. It should be noted that XRD tests do not provide any information about the content of amorphous phases, present in both tested materials.
Physical properties
Selected physical properties of tested bricks are shown in Table 2 .
The bulk density and skeleton density were respectively defined by the envelope density analyser method (GeoPyc 1360) and density analysis by a gas pycnometer (Quantachrome Ultrapyc 1200e). HB and MB brick skeleton densities were nearly the same. The tests, however, showed a difference in bulk density, which remains associated with the porosity of the ceramic structure. The materials were characterised by diverse total porosity, open, and especially closed one. The latter was discernibly higher in MB material, due to the presence of fly ash, in whose composition closed spherical particles can be found.
An absorption test was performed on 65 × 65 × 65 mm cuboidal samples, cut out of the bricks. Samples were saturated with water to reach a constant weight, in two ways: by means of capillary rise and soaking. The results showed that regardless of how water was put into the tested materials, the state of complete saturation was reached (19) . HB material absorbability was discernibly lower than that of MB.
Pore structure
The pore structure was marked by mercury porosimetry, using a Quantachrome Poremaster porosimeter. In Figure 4 subsequent cumulative and population curves were shown. On this basis, depending on the diameter, categorization was made, concerning all open pores in HB and MB materials (Table 3) .
MB ceramic material was characterized by poor pore size dispersion, when compared to HB material. In MB material, the dominant pore category were pores at diameters from 1000 to 4000 nm, whose volume accounted for almost 75% of all the open pores. In HB material, the dominant category were pores at diameters from 200 to 2000 nm, which in total accounted for almost 65% of all open pore. It should be noted, however, that in HB bricks, the share of the smallest and largest pores was significant and accounted for nearly 20% of the total volume of open pores. 
TEST METHODOLOGY OF BRICK SATURATED IN WATER
Testing compression strength and hardness
For tests, 12 HB and 12 MB bricks were selected randomly. Support surfaces of each brick were polished in order to obtain parallel planes. Then, from each brick, cubes were cut out, with sides equal to the brick height. Out of one contemporary brick, it was possible to cut 3 samples, whereas from one historical brick -6 cuboidal samples could be obtained. Designation of compressive strength and hardness was carried out for HB and MB materials in the dry state, in a short-term water saturation state (1 month), and in a state of prolonged water saturation (6 months). Tests were carried out on series consisting of 18 samples for HB, and 9 samples for MB material.
Tests of brick compressive strength were carried out in Zwick 1200 testing machine. The load velocity was comply with EN 772-1 (20) . The load direction each time was perpendicular to the support surfaces.
Brick hardness tests were carried out in Z100 Zwick testing machine, equipped with a penetrator with a ball at a diameter of 5 mm. The penetrator was inserted into tested materials at a constant speed of 1 mm/min to a depth of 1 mm. After the insertion of the penetrator, force was stabilised for 5 sec and its maximum value was recorded, which was then adopted as the hardness measure (21).
Spectroscopic tests
The MIR measurements were performed using the Bruker Optics-Vertex 70V spectrometer. The samples were prepared using the tablet method in KBr. The absorption spectra were recorded in 128 scans at a resolution of 4 cm −1 . The measurement was carried out for dry samples and after long-term water saturation.
Electrolytic conductivity of aqueous solutions tests
Aqueous solutions resulting from longterm immersion of bricks in water were tested. Conductivity tests of these solutions have been carried out. The results were compared with the conductivity of distilled water. Electrolytic conductivity competent by means of a WTW 3430 equipped with a sensor TetraCon 925 of the cell constant k = 0.475 was determined.
TEST RESULTS AND DISCUSSION
Brick compression strength and hardness
The test purpose was to determine the influence of water in ceramic texture on compressive strength and hardness of bricks. On the basis of the results of compressive strength and hardness tests carried out on bricks treated with water, the impact of soaking time on mechanical properties was evaluated for periods of 1 and 6 months.
Compressive strength of each sample was calculated as the ratio of destructive force against the area of its cross section. As a measure of brick hardness, the force necessary for the penetrator insertion into the material to a depth of 1 mm was assumed. The results of a statistical analysis of the results of strength and hardness tests carried out on the bricks were shown in Tables 4 and 5 .
In order to assess the impact of water on mechanical properties of ceramic bricks, compressive strength (h f ) and hardness (h h ) reduction coefficients were introduced, defined as relationship between the value of this feature defined after short-term or long-term treatment in water and the value of a specific feature in the dry state. The calculated reduction coefficients were shown in Table 6 . 
The structure of brick in the light of middle infrared spectroscopy
Measurements were performed for dry and after long-term water saturation of bricks MB and HB. The results are given in Figure 5 . The goal of this test was to find differences between chemical bond in tested materials before and after saturation.
Based on the results of research it was found that in material MB was more amorphous phase than in the material HB. This follows from the comparison of the full width at half maximum main band which is bigger for MB material.
In MB material the disappearance of the characteristic bands at 3547, 3409, 1685 and 671 cm −1 were observed. These bands were characteristic of gypsum. Thus, in the dry sample there was gypsum but in wet sample it was absent. During the soaking process the gypsum was dissolved.
The research showed that after soaking in MB material a new band at 962 cm −1 wad appeared. This band is associated with broken silicon-oxygen (Si-O − ) bridges (22, 23) . This means that the water saturation caused degradation of silicon-oxygen networkbreaking of silicon-oxygen bridges Si-O-Si (22, 23) . In HB material the changes were not observed.
Electrolytic conductivity of aqueous solutions remaining after soaking the bricks
Electrolytic conductivity of aqueous solutions depends on the presence within them of cations and anions. For comparison, electrolytic conductivity of distilled water is about several µS. Based on the results of measured conductivity and of the relevant rate constants can be dissolved content of substances in the water, and this case, the amount of ions that passed into solution from tested materials. Electrolytic conductivity of solutions after longterm water saturation of materials HB and MB were 675 µS and 1290 µS respectively. On this basis the contents of leached material from the HB and MB were calculated. The amounts of leached material were respectively 0.4% and 0.9% by weight. From bricks MB leached more than two times more ions than from bricks HB. This process caused a rise in micro-voids, the presence of which has weakened the ceramic material. 
Discussion of results
Compressive strength of ceramic bricks depends on many factors that characterize their internal structure. These factors comprise, inter alia: uniformity of component distribution in the ceramic material, pore structure (density), the presence of inclusions, scratches (technological cracks) and micro-defects in the vitreous phase structure (18, 24) . The ceramic texture is determined by the type of raw materials used, and the brick production method (forming, seasoning before firing, firing technology) (7) (8) (9) (10) 25) .
In our own tests, bricks that differed strongly in their microstructure, chemical and phase composition, and pore structure were used. Historical bricks were taken from the external walls of the building erected around 1880's. HB bricks were exposed to external environmental factors and loads for a long time. In contrast to the HB bricks, MB bricks were not subject to environmental impacts and loads before testing.
The tests showed that mechanical properties of both brick types in the water saturation state were worse than in the dry state. The tests showed also that regardless of the type of tested bricks, when short-term water saturation took place, the decrease in compressive strength was about 10%.
Long-term saturation of HB material did not result in significant decreases in strength. On the other hand, it was observed that in the case of MB material, saturated with water over a period of 6 months, the strength in the water saturation state in relation to the strength marked on dried material was 21% lower. The reason for this can be justified by the high content of volatile ashes in MB material. The high share of this type of tempering component changed the texture of ceramic bricks. Fly ash, depending on their type, has an initial sintering temperature of between 880 °C and 960 °C (26) . This means that some types of fly ashes in ceramic bricks may not sinter and act as a filler. Spectroscopic studies showed that after long-term saturation in material MB processes leaching gypsum and breaking silicon-oxygen bridges occurred. For each brick type the process of leaching of ions from the ceramic structure was also noted. Both these processes resulted in weakening the ceramic materials. Decrease of the strength was also apparent from the reduction of friction between the structural elements of the saturated materials subjected to compression. The water in material acts as a lubricant for moving elements of the adjacent sides of the smaller or larger cracks occurring in the structure of bricks (cracks in the ceramic material are shown in Figure 2, 3) . This phenomenon by Neville for capillary-porous materials was described (27) .
The hardness of the two tested brick types in the dry state differed by 13%. Greater surface hardness was demonstrated by HB material, which in fact had less strength but at the same time, a definitely lower porosity. Comparable drops in hardness for samples tested in the water saturation state by shortterm treatment in water were obtained for HB and MB bricks -respectively 14% and 15%. Along with the increased water saturation time, a greater hardness drop was observed (for MB material by about 30%). Decreases in the hardness of materials in the water saturation state were bigger than decreases in the compressive strength of bricks. This can be explained by the fact that hardness test took place on the surface of brick samples where the intensity of the change processes of ceramic structures (caused by water) was the highest.
CONCLUSION
The paper presents test results concerning two types of fired ceramic bricks, strongly different with respect to their physical-chemical properties. Tests were carried out on historical (produced in the 1880's) and modern bricks. Due to different technological processes and materials used, the bricks were significantly different with respect to their phase composition and pore structure.
The compressive strength of the tested bricks in the water saturation state was much lower than in the dried sate. Time of soaking in water of bricks affected the results. The decrease in the compressive strength of bricks tested after soaking in water for six months was greater than bricks tested after soaking of 1 month. The largest decrease (21%) for contemporary bricks (material MB) was obtained.
It has been shown that decreases in the compressive strength of the brick tested in the water saturation state were associated with changes to the structure of ceramics that occurred under the influence of water. The lower compressive strength of bricks on the water saturation state was due also to the lower friction between the structural elements of ceramics separate cracks (and micro-cracks) seen in the materials.
Decrease in hardness of brick saturated with water compared to dry bricks was larger than the decrease in the compressive strength of bricks tested in the wet and dry state. This effect was due to the fact that the processes related to occur under the influence of water were most intense on the surface of samples, where the contact of the ceramic material with water was the greatest. The largest decrease in hardness (32%) for tested contemporary bricks after long-term soaking in water was obtained.
Strong moisture of bricks (nearly complete saturation with water) and their lower strength, which may occur in practice, affect the reduction in masonry strength. Lower compressive strength of bricks in the water saturation state compared to the strength of dry bricks, registered in tests as ranging from 10 to 21% and should not be neglected in the assessment of carrying capacity and durability of the structure. Strong brick moisture caused by water affects the reduction of their hardness, which should be taken into account in the analysis of nondestructive test results, based on material hardness measurements.
